Congenital hyperinsulinism is a disorder of pancreatic β-cell function characterized by failure to suppress insulin secretion in the setting of hypoglycemia, resulting in brain damage or death if untreated. Loss-of-function mutations in the K ATP channel (composed of two subunits: Kir6.2 and SUR-1) are responsible for the most common and severe form of congenital hyperinsulinism. Most patients are unresponsive to available medical therapy and require palliative pancreatectomy. Similar to the human condition, the SUR-1 -/-mouse is hypoglycemic when fasted and hyperglycemic when glucose loaded. We have previously reported that the glucagon-like peptide-1 receptor antagonist exendin-(9-39) raises fasting blood glucose in normal mice. Here we examine the effect of exendin-(9-39) on fasting blood glucose in SUR-1 -/-mice. Mice were randomized to receive exendin-(9-39) or vehicle. Fasting blood glucose levels in SUR-1 -/-mice treated with exendin-(9-39) were significantly higher than in vehicle treated mice and not different from wild-type littermates. Exendin-(9-39) did not further worsen glucose tolerance and had no effect on body weight and insulin sensitivity. Isolated islet perifusion studies demonstrated that exendin-(9-39) blocked amino acid-stimulated insulin secretion, which is abnormally increased in SUR-1 -/-islets. Furthermore, cAMP content in SUR-1 -/-islets was reduced by exendin-(9-39) both basally and when stimulated by amino acids, whereas cytosolic calcium levels were not affected. These findings suggest that cAMP plays a key role in KATP-independent insulin secretion and that the GLP-1 receptor is constitutively active in SUR-1 -/-β-cells. Our findings indicate that exendin-(9-39) normalizes fasting hypoglycemia in SUR-1 -/-mice via a direct effect on insulin secretion, thereby raising exendin-(9-39) as a potential therapeutic agent for K ATP hyperinsulinism.
Summary
Congenital hyperinsulinism is a disorder of pancreatic β-cell function characterized by failure to suppress insulin secretion in the setting of hypoglycemia, resulting in brain damage or death if untreated. Loss-of-function mutations in the K ATP channel (composed of two subunits: Kir6.2 and SUR-1) are responsible for the most common and severe form of congenital hyperinsulinism. Most patients are unresponsive to available medical therapy and require palliative pancreatectomy. Similar to the human condition, the SUR-1 -/-mouse is hypoglycemic when fasted and hyperglycemic when glucose loaded. We have previously reported that the glucagon-like peptide-1 receptor antagonist exendin-(9-39) raises fasting blood glucose in normal mice. Here we examine the effect of exendin-(9-39) on fasting blood glucose in SUR-1 -/-mice. Mice were randomized to receive exendin-(9-39) or vehicle. Fasting blood glucose levels in SUR-1 -/-mice treated with exendin-(9-39) were significantly higher than in vehicle treated mice and not different from wild-type littermates. Exendin-(9-39) did not further worsen glucose tolerance and had no effect on body weight and insulin sensitivity. Isolated islet perifusion studies demonstrated that exendin-(9-39) blocked amino acid-stimulated insulin secretion, which is abnormally increased in SUR-1 -/-islets. Furthermore, cAMP content in SUR-1 -/-islets was reduced by exendin-(9-39) both basally and when stimulated by amino acids, whereas cytosolic calcium levels were not affected. These findings suggest that cAMP plays a key role in KATP-independent insulin secretion and that the GLP-1 receptor is
Introduction
Congenital hyperinsulinism (CHI) is a genetic disorder of pancreatic β-cell function characterized by failure to suppress insulin secretion in the setting of hypoglycemia, resulting in brain damage or death if inadequately treated. Loss-of-function mutations in the K ATP -sensitive channel (composed of two subunits: Kir6.2 and SUR-1) are responsible for the most common and severe form of hyperinsulinism (K ATP HI). K ATP -sensitive channels couple the metabolic state of the β-cell to membrane potential by sensing changes in intracellular ATP concentration. In pancreatic β-cells, closure of the channel in response to elevation of the ATP/ADP ratio following stimulation with glucose leads to depolarization of the membrane and activation of voltagedependent calcium channels with resultant exocytosis of insulin-containing granules (1) . Thus, K ATP -sensitive channels play a critical role in the triggering pathway of glucose-stimulated insulin secretion (2) . In contrast, the amplifying pathway of insulin release operates independently of K ATP -sensitive channels and functions to augment fuel-stimulated insulin secretion (3) . Electrophysiological studies of islets from infants with K ATP HI show reduction of K ATP channel activity and spontaneously active voltage-dependent Ca 2+ channels (reviewed in (4)). Diazoxide, the mainstay of medical therapy for hyperinsulinism, suppresses insulin by promoting the opening of the β-cell K ATP channel and is ineffective in patients with K ATP HI. Thus, most of these patients require surgical palliation by near-total pancreatectomy, which is not curative but carries a high risk of either persistent hypoglycemia or insulinrequiring diabetes (5) .
An animal model harboring a targeted inactivation of the SUR-1 gene (SUR-1 -/-mouse) reproduces the key pathophysiological features of K ATP HI. SUR-1 -/-mice are both significantly more hypoglycemic when fasted and significantly more hyperglycemic when glucoseloaded compared to control animals (6) . Interestingly, SUR-1 -/-mice secrete a nearly normal amount of insulin in response to a meal despite markedly impaired glucose-stimulated insulin secretion (7) . Isolated SUR-1 -/-islets exhibit all the features expected to result from nonfunctional K ATP channels, including β-cell depolarization (6) and elevation of intracellular calcium (7) (8) (9) . Furthermore, baseline insulin release in cultured SUR-1 -/-islets is higher compared to control islets (8, 9) . Seghers et al. (6) demonstrated a lack of first phase insulin secretion in response to glucose and attenuated second phase insulin release in SUR-1 -/-islets. The authors concluded that in the absence of K ATP channels, insulin release is regulated by a slow, K ATP -independent glucose stimulated mechanism. In contrast to the defect in glucosestimulated insulin release, isolated SUR-1 -/-islets are hypersensitive to amino acids. After stimulation with an amino acid mixture, insulin release increases by 3-fold in SUR-1 -/-islets, while normal islets do not respond to amino acids in the absence of a concomitant glucose stimulus. Glutamine plays a prominent role in mediating amino acid stimulation of insulin release in SUR-1 -/-islets, and this effect requires functional calcium channels as well as β-cell depolarization (8) .
Glucagon-like peptide-1 (GLP-1) is an incretin hormone secreted by the intestinal L-cells in response to ingested nutrients that acts on β-cells to augment insulin release in response to glucose (10) . GLP-1 stimulates insulin secretion by binding to a guanine nucleotide binding proteincoupled receptor (GPCR) (11) resulting in the activation of adenylate cyclase and generation of 3'-5'-cyclic adenosine monophosphate (cAMP) (12) . GLP-1 and agents that increase cAMP levels stimulate insulin secretion by both PKA-dependent and -independent mechanisms (13) . Studies of the GLP-1 response in SUR-1 -/-islets have provided mixed results. Nakazaki et al (14) reported that despite a normal cAMP elevation to GLP-1, stimulation with GLP-1 did not affect insulin release in SUR-1 -/-islets. In contrast, Eliasson et al (15) demonstrated that GLP-1 stimulates insulin secretion in SUR-1 -/-islets , although the magnitude of the response was reduced to ~50% of wild-type islets. The latter study also found an impairment of the PKA-independent component of exocytosis in SUR-1 -/-islets (15) . Further, Doliba et al (16) demonstrated that GLP-1 (as well as acetylcholine) restores glucose responsive insulin secretion in SUR-1 -/-islets, again supporting the concept that elevation of intracellular cAMP levels further augments insulin secretion in the face of persistently high intracellular calcium levels.
Exendin-(9-39), a derivative of the nonmammalian peptide exendin-4, acts as a specific and competitive antagonist of the GLP-1 receptor and impairs glucose tolerance in humans (17) as well as in a variety of animal models (18) (19) (20) . Studies in murine β-cells have shown that exendin-(9-39) decreases basal cAMP levels, acting as an inverse agonist of the GLP-1 receptor (21) . We have previously shown that exendin-(9-39) results in a persistent elevation of fasting blood glucose levels in wild-type BALB-c mice (22) . Based on this observation and on the evidence for GLP-1 responsiveness of SUR-1 -/-islets, we hypothesized that exendin-(9-39) would increase fasting blood glucose in SUR-1 -/-mice. Here we show that antagonism of the GLP-1 receptor by exendin-(9-39) corrects fasting hypoglycemia in SUR-1 -/-mice via a direct effect on insulin secretion. Further, exendin-(9-39) decreases basal and stimulated cAMP levels significantly in isolated SUR-1 -/-islets, mirroring its impact on the insulin secretory response of these islets. Taken together, these data identify exendin-(9-39) as a potential therapeutic agent in human patients with congenital hyperinsulinism. 
Materials and Methods

Animals
Islet Studies
Islets were isolated by collagenase digestion and cultured for 3 days in RPMI 1640 medium containing 10 mM glucose. The culture medium was supplemented with 10% fetal bovine serum, 2mM glutamine, 100 units/mL penicillin, and 50 µg/mL streptomycin. Islets were incubated at 37°C in a 5% CO 2 , 95% air-humidified incubator. Batches of 100 cultured mouse islets were loaded onto a nylon filter in a chamber and perifused with Krebs-Ringer bicarbonate buffer (115 mM NaCl, 24 mM NaHCO 3 , 5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl2, 10mM HEPES, pH 7.4) with 0.25% bovine serum albumin at a flow rate of 2 mL/min. Perifusate solutions were gassed with 95% O 2 , 5% CO 2 
cAMP content determination
Islets were isolated as above, hand-picked and cultured for three days. Cultured islets were preincubated in glucose free Krebs-Ringer bicarbonate buffer for 60 min, 100 nM exendin-(9-39) was added 30 min into the preincubation period. Then, islets were exposed to different treatments for an additional 30 min in the presence of 0.1mM isobutyl-methylzanthine (IBMX). After incubation, islets were washed 2 times by cold glucose-free Hank's buffer. cAMP was measured in islet lysates by ELISA (GE/Amersham Biosciences, Piscataway, NJ).
Cytosolic Free Ca
2+ Measurements Mouse islets were isolated and cultured on poly-L -lysine coated glass coverslips under the same conditions as described above. The perifusion procedure and cytosolic-free Ca 2+ ([Ca 2+ ]i) measurement were described previously (23) . In brief, the coverslip with attached islets was incubated with 15 µM Fura-2 acetoxymethylester (Molecular Probes, Eugene, OR) in Krebs-Ringer bicarbonate buffer with 5 mM glucose for 35 min at 37 ºC. Islets were then perifused with Krebs-Ringer bicarbonate buffer with 0.25 % bovine serum albumin at 37 ºC at a flow rate of 2mL/min, while various agents were applied. [Ca 2+ ]i was measured with a dual wavelength fluorescence microscope as previously described.
Statistical evaluation
Data presented are mean ± SEM and compared using student's t test. For glucose and insulin tolerance testing, values were compared by repeated-measures ANOVA. Differences were considered significant at p<0.05.
Results
Twelve-18 week old male SUR-1
-/-and wildtype littermates underwent a baseline evaluation including fasting blood glucose measurements and oral glucose tolerance testing, followed by randomization to treatment with exendin-(9-39) (150 pmol/kg/min) or vehicle (0.9% NaCl, 1% BSA). Fasting blood glucose levels were determined after an overnight fast on days 3 and 7 of the infusion. In addition, oral glucose tolerance and insulin sensitivity were evaluated during treatment.
As previously reported (7), fasting blood glucose levels were significantly lower in SUR-1 -/-mice compared to wild-type littermates (59.4 ± 1.5 mg/dL vs. 75 ± 1.8 mg/dL, p=0.00000003) ( Figure 1A ), while body weight was not different ( Figure 1B) . After an oral load of glucose, SUR-1 -/-mice were glucose intolerant when compared to littermate wild-type controls (p<0.0001, repeated measures ANOVA) ( Figure  1C ). The SUR-1 -/-mice have a significant impairment of insulin secretion in response to an oral glucose load (wild-type vs. SUR-1 -/-: p=0.02, repeated measures ANOVA) ( Figure  1D ).
Exendin-(9-39) was administered via an Azlet miniosmotic subcutaneous pump at a continuous infusion rate of 150 pmol/kg/min for 2 weeks. This dose was chosen based on results of a pilot study evaluating different doses previously shown to have an effect in normal humans and mice (17, 22, 24) . On day 7, fasting blood glucose was significantly lower in vehicle-treated SUR-1 -/-mice compared to vehicle-treated wild-type littermates (p=0.000002) (Figure 2 ). Treatment with exendin-(9-39) significantly raised fasting blood glucose levels in SUR-1 -/-mice compared to vehicle-treated SUR-1 -/-mice (82.2 ± 6.3 mg/dL vs. 63.2 ± 4.9 mg/dL, p=0.03, on day 3; 82 ± 4.7 mg/dL vs. 56.4 ± 4.3 mg/dL, p=0.0006, on day 7). Fasting blood glucose levels were not different in exendin-(9-39)-treated wild-type mice compared to vehicle-treated wild-type controls, in contrast to our previous observations in wild-type BALB/c mice. Exendin-(9-39) did not impact weight gain in SUR-1 -/-nor wild-type littermate controls (data not shown).
During treatment, fasting insulin and glucagon levels were not significantly different among the treatment groups ( Figure 3A) ; however in the setting of lower fasting blood glucose levels, insulin levels were inappropriately elevated in vehicle treated SUR-1 -/-mice and glucagon levels failed to rise as expected in response to the hypoglycemia. Insulin/glucose ratio is increased in SUR-1 Despite the marked effect on fasting blood glucose levels, treatment with exendin-(9-39) did not significantly impair glucose tolerance in SUR-1 -/-mice, except for a delay in the return to baseline blood glucose levels at the 120 minute time point. Similarly, there was no effect on glucose tolerance in wild-type littermates during by guest on October 1, 2017 http://www.jbc.org/ Downloaded from treatment with exendin-(9-39) ( Figure 4A ). In agreement with these results, glucose-stimulated insulin secretion was not affected by exendin-(9-39) in wild-type mice and the already impaired insulin response to the oral glucose load characteristic of the SUR-1 -/-mice was not further impaired by treatment ( Figure 4B ).
To determine the mechanism of action for the effect of exendin-(9-39) on fasting blood glucose levels we assessed insulin sensitivity by an insulin tolerance test. Insulin sensitivity was not different between SUR-1 -/-and wild-type littermates. Further, Exendin-(9-39) did not impact peripheral insulin sensitivity in any of the treatment groups ( Figure 4C ).
Given the observed in vivo effects on insulin secretion but not insulin sensitivity, we next determined whether exendin-(9-39) exerts a direct effect on SUR-1 -/-islet function. Since SUR-1 -/-islets do not respond to glucose under our experimental conditions (8), we chose to examine the effect of exendin-(9-39) on the abnormal response of SUR-1 -/-islets to fuelinduced insulin secretion (specifically, the hyper-responsiveness to amino acids). Isolated islets were perifused with a mixture of amino acids. As previously reported (8), SUR-1 -/-islets abnormally released insulin in response to ramp stimulation by a physiologic mixture of 19 amino acids (using an increment of 0.04 mM/min for glutamine and 0.2 mM/min for the other amino acids). This response to amino acids was blocked by exendin-(9-39) ( Figure 5A ). The insulin response to KCl was similar in the presence and absence of exendin-(9-39).
To examine the effect of exendin-(9-39) in wild-type islets we incubated islets with 10 mM glucose and then introduced the ramp of amino acids. Li et al. (8) previously demonstrated that in the presence of 10 mM glucose, a ramp of amino acids stimulates insulin secretion in a concentration dependent manner. Here we demonstrate that, as in SUR-1 -/-islets, exendin-(9-39) specifically inhibits the response to amino acids in wild-type islets ( Figure 5B ). In contrast, the acute response to glucose (10 mM) was not impaired by exendin-(9-39).
The effect of exendin-(9-39) on cAMP was determined in static incubations of isolated islets. In the absence of exogenous GLP-1, exendin-(9-39) significantly decreased basal intracellular cAMP in SUR-1 -/-islets (40 ± 4 vs. 21 ± 2 pmol/100 islets, p<0.05) ( Table 1) . Amino acids significantly increased cAMP levels in SUR-1 -/-islets compared to baseline (73 ± 13 vs. 40 ± 4 pmol/100 islets, p<0.05). The amino acid-stimulated increase in cAMP was significantly reduced by exendin-(9-39) (73 ± 13 vs. 24 ± 5 pmol/100 islets, p<0.05). In these static incubations, the effect of exendin-(9-39) on cAMP levels mirrored the effect on insulin secretion, suggesting that exendin-(9-39) effects on insulin secretion in SUR-1 -/-islets are mediated by changes in cAMP. Baseline insulin secretion was significantly reduced by exendin-(9-39) (221 ± 22 vs. 126 ± 17 ng/100 islets/30 min, p<0.05). As seen in the perifusion studies, amino acids significantly increased insulin secretion in SUR-1 -/-islets (221 ± 22 vs. 360 ± 32 ng/100 islets/30 min, p<0.01), and exendin-(9-39) significantly reduced amino acidstimulated insulin secretion (360 ± 32 vs. 190 ± 35 ng/100 islets/30 min, p<0.01).
Under glucose-free conditions, cAMP levels were higher in wild-type islets compared to SUR-1 -/-islets (83 ± 3 vs. 40 ± 4 pmol/100 islets, p<0.01). This difference may be explained by the high insulin levels in SUR-1 -/-islets. In support, previous reports have shown that insulin can reduce cellular cAMP by activating phosphodiesterase to induce cAMP degradation (25) (26) (27) (28) .
In wild-type islets, exendin-(9-39) significantly decreased basal intracellular cAMP in (83 ± 3 vs. 47 ± 6 pmol/100 islets, p<0.01) ( Table 2 ). Cyclic AMP was not significantly increased when glucose concentration was increased from 0 to 10 mM. Amino acids significantly increased cAMP levels in wild-type islets in the presence of 10 mM of glucose compared to baseline (95 ± 6 vs. 62 ± 4 pmol/100 islets, p<0.05). The amino acidstimulated increase in cAMP was significantly reduced by exendin-(9-39) (95 ± 6 vs. 42 ± 2 pmol/100 islets, p<0.01). In wild-type islets, baseline insulin secretion (in the absence of any stimuli) was not affected by exendin-(9-39). Insulin secretion as expected was significantly stimulated by 10 mM of glucose (17 ± 4 vs. 153 ± 10 ng/100 islets/30 min, p<0.01). In contrast to the lack of effect on glucose-stimulated insulin secretion in the perifusion studies, exendin-(9-39) significantly reduced glucose-stimulated insulin secretion in these static incubations (153 ± 10 vs. 72 ± 11 ng/100 islets/30 min, p<0.01). Flamez et al (29) have reported variable effects of exendin-(9-39) depending on the length of incubation, this may explain the different effect in our perifusion and static incubation experiments. As seen in the perifusion studies, amino acids significantly increased insulin secretion in wild-type islets in the presence of glucose (463 ± 27 vs. 153 ± 10 ng/100 islets/30 min, p<0.01), and exendin-(9-39) significantly reduced amino acid-stimulated insulin secretion (463 ± 27 vs. 153± 18 ng/100 islets/30 min, p<0.01).
Finally, we studied the effect of exendin-(9-39) on the characteristically elevated intracellular calcium concentration of SUR-1 -/-islets (8) . Exendin-(9-39) did not affect basal intracellular calcium ( Figure 6 ). As previously reported, amino acids caused a transient further rise in intracellular calcium. Exendin-(9-39) had no effect on the amino acid-stimulated rise in intracellular calcium, indicating that its effect on insulin secretion is distal to the effect of calcium.
Discussion
Congenital hyperinsulinism due to mutations in the K ATP channel is a devastating disease that is generally unresponsive to available medical therapies. We previously reported that a continuous infusion of exendin-(9-39) elevated fasting blood glucose levels in BALB/c mice (22) , an effect that has also been observed in baboons (19) and healthy human subjects (24). Although SUR-1 -/-mice are relatively normoglycemic in the fed state (6,7), they develop hypoglycemia with fasting, which allowed us to test the potential for exendin-(9-39) to normalize fasting blood glucose in the absence of functional K ATP channels.
Our studies confirmed previous reports highlighting the phenotype of the SUR-1 -/-mice (6,7). Compared to wild-type littermates, SUR-1 -/-mice are more hypoglycemic when fasted and more hyperglycemic when glucose loaded, and the glucose intolerance is the result of impaired insulin secretion. The islet counter-regulatory response to hypoglycemia is also impaired in the SUR-1 -/-mice, since in the fasting state, when blood glucose is significantly lower than in wildtype littermates, insulin and glucagon levels are not different compared with normoglycemic wild-type littermates. These findings are in agreement with those of Shiota et al (30) who reported an impaired glucagon secretory response in SUR-1 -/-mice.
Administered as a continuous infusion, exendin-(9-39) significantly raised fasting blood glucose levels in SUR-1 -/-mice without significantly impacting weight gain, glucose tolerance or insulin sensitivity. However, we cannot entirely rule out a contribution by changes in hepatic insulin sensitivity, which could have been missed on the insulin tolerance test. The elevated fasting insulin/glucose ratio in SUR-1 -/-mice was decreased by exendin-(9-39). We did not observe an effect of exendin-(9-39) on glucagon levels in the fasting state. These findings suggest that the effect of exendin-(9-39) on fasting blood glucose levels is mediated by the β-cell GLP-1 receptor with no significant impact on other peripheral or central GLP-1 receptor-mediated actions at the dose studied.
The striking in vivo impact of exendin-(9-39) on fasting blood glucose in the SUR-1 -/-mice prompted us to explore its effects on the nutrient-induced insulin secretory response of SUR-1 -/-islets. Because of the clinical observation that protein ingestion provokes hypoglycemia in patients with K ATP hyperinsulinism (31), and our observation that SUR-1 -/-islets hyper-respond to amino acids (8) we evaluated the impact of exendin-(9-39) on amino acid-stimulated insulin secretion. In islet perifusion studies, exendin-(9-39) suppressed amino acid-stimulated insulin secretion in both SUR-1 -/-and wild-type islets Although the by guest on October 1, 2017 http://www.jbc.org/ Downloaded from mechanism by which amino acids, specifically glutamine, stimulates insulin secretion is not well understood (8) our findings suggest that cAMP plays a central role in amino acidstimulated insulin secretion. Further, exendin-(9-39) decreased basal and amino-acid stimulated insulin secretion and intracellular cAMP accumulation in static incubation experiments. Thus, exendin-(9-39) corrects the abnormal pattern of insulin secretion responsible for hypoglycemia in the absence of K ATP channels: elevated basal and amino acid-stimulated insulin secretion.
The results of isolated islet experiments, conducted in the absence of exogenous GLP-1 receptor ligand, suggest that the GLP-1 receptor is constitutively active in SUR-1 -/-islets and they support previous reports implicating exendin-(9-39) as an inverse agonist of the GLP-1 receptor (21, 29) . Alternatively, this effect might be explained by antagonism of local intra-islet GLP-1 (32), or by competition between exendin-(9-39) and glucagon for binding to the GLP-1 receptor on β-cells (33).
Nakazaki et al (14) , reported a loss of cAMP-induced potentiation of insulin secretion in SUR-1 -/-islets. In their studies, GLP-1-induced elevation of cAMP was not mirrored by changes in insulin secretion in mutant islets. Interestingly and in contrast to these observations, the changes we observed in cAMP levels were mirrored by changes in insulin secretion. This discrepancy may be attributable to methodologic differences. In our studies, islets were cultured for three days prior to perifusion or static incubation experiments. We believe that this pre-culture recovery period is essential to restore a normal secretory response after the stress of islet isolation.
Cyclic AMP has been previously recognized as a critical physiological potentiator of insulin secretion (34) . Our studies demonstrate the central role of cAMP in the K ATP channelindependent pathway regulating insulin secretion. Cyclic AMP stimulates exocytosis by PKA-dependent pathways, through phosphorylation of downstream targets including the K ATP channel, and by PKA-independent mechanisms, through the activation of guanine nucleotide exchange factors (GEFs) such as cAMP-GEFII (also known as Epac2) (13, 35) . The PKA-independent pathway is critical in the potentiation of insulin secretion by the incretin hormones GLP-1 and GIP (36) . Furthermore, Epac2 plays an essential role in the first phase of insulin granule exocytosis potentiated by cAMP (37) . Cyclic AMP promotes insulin granule exocytosis by increasing the size of the readily releasable pool and by accelerating the refilling of the readily releasable pool (12, 13, 15, 38) . In pancreatic islets, the effect of Epac2 on insulin secretion depends on cytosolic calcium as well as cAMP (36) , and it has been postulated that cAMP sensitizes the exocytotic machinery to calcium (39) . Thus, we speculate that the inhibition of insulin secretion in SUR-1 -/-islets by exendin-(9-39) is mediated by the effect of cAMP on a late calcium-dependent step in the exocytotic pathway ( Figure 7 ). In summary, we have shown that exendin-(9-39) significantly raises fasting blood glucose levels in SUR-1 -/-mice through a direct effect on insulin secretion that appears to be mediated at least in part by changes in intracellular cAMP accumulation. These findings have significant translational application, given the lack of effective medical therapies for children with congenital hyperinsulinism due to K ATP mutations. The use of GLP-1 receptor antagonists to control hypoglycemia in congenital hyperinsulinism could have a beneficial effect on morbidity and long-term outcome in this patient population. Exendin-(9-39) binds to the GLP-1 receptor and lowers baseline cAMP levels, resulting in decreased insulin secretion despite the elevated calcium levels. Similarly, by decreasing amino acid-stimulated cAMP accumulation, exendin-(9-39) inhibits amino acid-stimulated insulin secretion. Table 2 . Exendin-(9-39) reduces glucose and amino acid-stimulated cytosolic cAMP content and insulin release in wild-type islets. Isolated wild-type islets were cultured in 10 mM glucose for 3 days. Islets were preincubated in glucose free KRBB for 60 min. 100 nM Exendin-(9-39) was added after 30 min preincubation. Then islets were exposed to different treatment conditions for an additional 30 min. All conditions contained 0. Figure 5B 
